Background: NAMPT inhibition leads to attenuation of glycolysis in cancer cells. Results: NAMPT inhibition also perturbs other carbohydrate metabolism, resulting in elevated fructose 1-phosphate, sedoheptulose 1-phosphate, glyceraldehyde, and erythrose levels. Conclusion: Condensation of dihydroxyacetone phosphate/glyceraldehyde and dihydroxyacetone phosphate/erythrose by aldolase leads to increased fructose 1-phosphate and sedoheptulose 1-phosphate, respectively. Significance: NAMPT plays a key role in regulating glycolysis-related carbohydrate metabolism in cancer cells.
corresponding labels into fructose 1-phosphate and sedoheptulose 1-phosphate in FK866-treated cells. Fourth, NAMPT inhibition led to increased glyceraldehyde and erythrose levels in the cell. Finally, glucose-labeling studies showed accumulated fructose 1,6-bisphosphate in FK866-treated cells mainly derived from dihydroxyacetone phosphate and glyceraldehyde 3-phosphate. Taken together, this study shows that NAMPT inhibition leads to attenuation of glycolysis, resulting in further perturbation of carbohydrate metabolism in cancer cells. The potential clinical implications of these findings are also discussed.
The NAD ϩ cofactor is essential for a number of enzymes and regulatory proteins involved in a variety of cellular processes. In mammals, NAD ϩ can be synthesized from nicotinamide, nicotinic acid, or tryptophan (2) (3) (4) (5) . However, the nicotinamide salvage pathway represents the major route to NAD ϩ biosynthesis in mammals (6 -8) . NAMPT, 3 a rate-limiting enzyme in the conversion of nicotinamide to NAD ϩ (9 -10) in cancer cells, is crucial to several physiological processes, including metabolism, energy generation, survival, apoptosis, DNA repair, and inflammation (2, (11) (12) (13) .
NAMPT is overexpressed in several types of tumors (14 -17) , and its expression is associated with tumor progression (18) . The down-regulation of NAMPT suppresses tumor cell growth in vitro and in vivo and sensitizes cells to oxidative stress and DNA-damaging agents (8, 14, 17, 19 -21) . The inhibition of NAMPT also leads to the attenuation of tumor growth and induction of apoptosis due to NAD ϩ depletion (8, 20 -23) . Taken together, NAMPT represents a promising therapeutic target for the development of potential novel cancer drugs (24 -26) .
NAD ϩ is a substrate for dehydrogenases, poly(ADP-ribose) polymerases, sirtuins (SIRT), mono ADP-ribosyltransferases, and ADP-ribosyl cyclases (2, 4, 11) . In most cancer cells, poly-(ADP-ribose) polymerase is activated due to DNA damage and genome instability (2, 26 -28) . The activation of poly(ADP-ribose) polymerases leads to NAD ϩ depletion in cancer cells (2, 8, 26 -28) . Similarly, aberrant expression of SIRT, mono(ADPribosyl) transferases, and ADP-ribosyl cyclases can lead to consumption of NAD ϩ in cancer cells (2, 4, 11) .
To better understand the metabolic basis of NAMPT inhibition, we have recently shown that inhibition of NAMPT leads to attenuation of glycolysis at the glyceraldehyde-3-phosphate dehydrogenase step (1) . The attenuation of glycolysis results in an accumulation of glycolytic intermediates before and at the glyceraldehyde 3-phosphate dehydrogenase step (1) . The attenuation of glycolysis also leads to a decrease of glycolytic intermediates after the glyceraldehyde-3-phosphate dehydrogenase step (1) . However, due to throughput considerations and technical difficulties, we were unable to separate isomers of glycolytic intermediates, such as glucose 6-phosphate and fructose 6-phosphate, and glyceraldehyde 3-phosphate and dihydroxyacetone phosphate, or their geometrical isomers, such as glucose 1-phosphate and fructose 1-phosphate. To further investigate the effects of NAMPT inhibition on cancer cell metabolism, we developed an LC-MS method enabling us to separate each isomer. This new method also resolves sedoheptulose 7-phosphate from its 1-isomer and glyceraldehyde 3-phosphate from dihydroxyacetone phosphate, which allows us to identify the source of triose. We now report that NAMPT inhibition leads to an accumulation of fructose 1-phosphate and sedoheptulose 1-phosphate, but not fructose 6-phosphate and sedoheptulose 7-phosphate, in different cancer cells and tumors. Glucose-labeling studies indicated that increased levels of fructose 1-phosphate and sedoheptulose 1-phosphate are derived from dihydroxyacetone phosphate and glyceraldehyde and from erythrose, respectively, via an aldolase condensation reaction, a hypothesis later confirmed by biochemical and direct labeling studies. The addition of uniformly labeled glyceraldehyde and erythrose led to the formation of 3-carbon-labeled fructose 1-phosphate and four-carbon-labeled sedoheptulose 1-phosphate, respectively, in the cell. Consistent with this, NAMPT inhibition also led to an accumulation of glyceraldehyde and erythrose in cancer cells and tumors. Taken together, these studies suggest that NAMPT inhibition leads to attenuation of glycolysis, resulting in further alteration of carbohydrate metabolism in the cell. The findings from this study also have potential clinical implications because increased formation of fructose 1-phosphate and sedoheptulose 1-phosphate can be used as PD markers for evaluating NAMPT inhibitors in the clinic.
Experimental Procedures
Materials-The following materials were purchased from Sigma-Aldrich: formic acid (MS/HPLC grade), (1).
Preparation of Cellular Extracts-Cancer cells (50,000/well in 100 l) were seeded in 96-well plates and cultured overnight as described above. Cells were rinsed with DMEM or McCoy's 5A containing 10% dialyzed FBS (Gibco) three times as described above and treated with FK866 (0 -100 nM) in the same medium (150 l/well) for 24 h. For metabolite analysis, cultural medium was discarded, and metabolites were extracted with 80% methanol as described below. For 13 C-labeling studies, the culture medium was replaced with a freshly prepared medium containing the following: 0.0 -100 nM of FK866, 12.5 mM glucose, and 10% dialyzed FBS as well as 1.0 mM D-[1,2,3-13 C 3 ]glyceraldehyde, 1.0 mM D-[U-13 C 4 ]erythrose, or 12.5 mM D-[U-13 C 6 ]glucose, as indicated. Cells were incubated for 0.25-6 h. At each time point, 80% methanol (100 l each) was added to each well to extract the metabolites after the removal of the medium. After incubation at room temperature for 15 min, the methanol extracts were transferred to a 96-deep well plate and rinsed with 100% methanol (100 l/well). Samples were dried under a stream of nitrogen at 40°C using a homemade 96-well plate dryer and reconstituted in 100 l of water. The extracts were ready for further analysis.
Preparation of Tumor Samples-NCI-H1155 cells (ATCC) were grown as described above. The cells (10 6 cells/animal) were mixed with Matrigel (1:1) and implanted subcutaneously into the rear flank of the mice (female CB17 SCID, Charles River). The implanted tumor cells grew as solid tumors. The animals (6 animals/group) were dosed orally with 5 and 10 mg/kg of FK866 in 20% Captisol and 25 mM phosphate buffer, pH 2, twice a day for 6 days after tumors reached 500 mm 3 . The tumor volume and body weight were measured twice a week (1) . The tumor samples (ϳ50 mg) were homogenized in 1 ml of ice-cold 80% methanol for 30 s with a TissueLyser II and 5-mm stainless steel beads at 4°C. The homogenates were centrifuged at 4,000 ϫ g for 10 min at 5°C (5417C Centrifuge, Eppendorf, Westbury, NY). The pellets were discarded, and the tumor extracts were collected into a 96-deep well plate (2 ml). The tumor extracts (100 l) were dried under nitrogen at 40°C as described above and reconstituted in 100 l of water. The extracts were ready for further analysis.
Determination of Cellular Protein Concentrations-For determination of protein concentrations, an extra set of plates was used. Cells were grown and treated as described before and only used for protein determination. After treatment, growth medium was removed, and cells were washed three times with PBS buffer (200 l each). Then 75 l of a lysis buffer (1% Triton X-100, 25 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1 mM EGTA) containing 1ϫ protease inhibitor mixture (Complete, Mini, EDTA-free, Roche Applied Science) was added to each well. The plate was kept on ice for 10 min, followed by shaking (750 rpm) for 10 s. Protein concentrations were determined using a BCA protein assay kit (Pierce) according to the manufacturer's instructions.
Detection and Quantitation of Erythrose and Glyceraldehyde-Pyridine buffer (pH 5.0) was prepared by combining 12.1 M HCl (5.4 ml), pyridine (8.6 ml), and water (86 ml). The reconstituted cell extracts and tumor extracts (100 l) in water were mixed with 1 M O-benzylhydroxylamine (50 l) and 1 M 1-ethyl-3-(3-imethylaminopropyl)carbodiimide (50 l) in the pyridine buffer. After incubation at room temperature for 1 h, ethyl acetate (300 l) was added, and the plates were shaken for 10 min (VWR multitube vortexer). The organic layer was taken into a 96-deep well plate (2 ml). Then the aqueous layer was extracted again with ethyl acetate (300 l each). The organic layers were combined into a 96-deep well plate (2 ml). The 96-deep well plate was dried as described above and reconstituted in 100 l of 10% methanol/water. The derivatized samples (10 l) were injected onto an LC-triple quadrupole mass spectrometer (Qtrap 5500, AB Sciex, Framingham, CA), coupled with a pair of Shimadzu 10ADVP pumps, and a Shimadzu SIL-20A autosampler (Shimadzu, Columbia, MD). Samples were separated by HPLC using a Waters Xbridge 2.1 ϫ 50-mm C18 column (Waters, Milford, MA) with a two-solvent system (A, water with 0.1% formic acid; B, methanol) at a flow rate of 0.6 ml min Ϫ1 . The gradient was programmed as follows: 0 -1.0 min, 0 -30% B; 1.0 -5.5 min, 30 -85% B; 5.5-5.6 min, 85-98% B; 5.6 -6.5 min, 98% B; and 6.5-8.0 min, 0% B. The MS acquisition methods used positive electrospray ionization and analysis in a multiple-reaction monitoring (MRM) mode. MRM transitions for derivatized glyceraldehyde and erythrose are 196/91 and 226/91. MRM transitions for isotopomers (M1-M3) of derivatized glyceraldehyde are 197/91, 198/91, and 199/91. MRM transitions for isotopomers (M1-M4) of derivatized erythrose are 227/91, 228/91, 229/91, and 230/91. The collision energy parameters are 15. Ion spray voltage was 4,500 V. Nebulizer gas (GS1), auxiliary gas (GS2), curtain gas (CUR), and collision gas (CAD) were 70, 70, 30, and 5 (arbitrary units), respectively. The ion source temperature was maintained at 600°C. The curtain and collision gas was nitrogen. Declustering potential, entrance potential, and cell exit potential were 60, 10, and 15, respectively.
Analysis of Sugar Phosphates and NAD(H)-The reconstituted cell and tumor extracts (100 l) in water were injected into an LC-triple quadrupole mass spectrometer (API 4000, AB Sciex, Framingham, CA), coupled with a pair of Shimadzu 10ADVP pumps, and a Shimadzu SIL-20A autosampler (Shimadzu, Columbia, MD). Samples were separated by HPLC using a Waters T3 2.1 ϫ 50-mm column with a two-solvent system (A, 10 mM tributyl amine and 15 mM acetic acid in 3% methanol/water; B, methanol) at a flow rate of 0.6 ml min Ϫ1 . The gradient was programmed as follows: 0 -0.5 min, 0% B; 0.5-1.8 min, 0 -70% B; 1.8 -3.0 min, 90% B; and 3.0 -6.0 min, 0% B. The injection volume was 10 l, and the method used negative electrospray ionization mode. The MRM transitions for glucose 6-phosphate/fructose 6-phosphate, fructose 1-phosphate/glucose 1-phosphate, fructose 1,6-bisphosphate, dihydroxyacetone phosphate/glyceraldehyde 3-phosphate, sedoheptulose 1-phosphate/sedoheptulose 7-phosphate, phosphoglycerate, and phosphoenolpyruvate are 259/97, 259/241, 339/79, 169/79, 289/97, 185/97, and 165/97, respectively. Collision energies are Ϫ20, Ϫ16, Ϫ86, Ϫ46, Ϫ26, Ϫ49, and Ϫ25, respectively. Structural isomers were separated based on retention time. MRM transitions for isotopomers generated from [ 13 C]glucose labeling experiments were adjusted based on the numbers of 13 C-labeled carbons. Ion spray voltage was Ϫ4,500 V. Nebulizer gas (GS1), auxiliary gas (GS2), curtain gas (CUR), and collision gas (CAD) were 60, 60, 30, and 6 (arbitrary units), respectively. The ion source temperature was maintained at 600°C. The curtain and collision gas was nitrogen. Declustering potential, entrance potential, and cell exit potential were Ϫ40, Ϫ10, and Ϫ10, respectively. The analysis of NAD(H) was described previously (1) . Commercial standards were used for quantification of endogenous metabolites.
Enzymatic Synthesis of Sedoheptulose 1-Phosphate and Fructose 1-Phosphate as Standards-Synthesis of sedoheptulose 1-phosphate was carried out as described (30) by coupling aldolase, transketolase, and triose-phosphate isomerase except that rabbit muscle aldolase (Sigma) was used. Sedoheptulose 1-phosphate and fructose 1-phosphate were also synthesized using an aldolase under the following conditions. For synthesis of sedoheptulose 1-phosphate, reaction mixtures (100 l each) contained aldolase (ϳ0.01 mg or 1.25 units/ml), 50 mM Tris-HCl, pH 7.4, 250 mM erythrose, 0.0 -40 mM dihydroxyacetone phosphate or 100 mM dihydroxyacetone phosphate, and 0.0 -250 mM erythrose. The reaction mixtures were incubated at 37°C for 60 min. For the synthesis of fructose 1-phosphate, reaction mixtures (100 l each) contained 0.00082 mg or 0.1 units/ml aldolase, 50 mM Tris-HCl, pH 7.4, 50 mM glyceraldehyde, 0.0 -40 or 50 mM dihydroxyacetone phosphate, and 0.0 -50 mM glyceraldehyde. The reaction mixtures were incubated at 37°C for 30 min. The products formed were confirmed by LC-MS/MS analysis. The structural identification of sedoheptulose 1-phosphate from the aldolase reactions has been reported previously (29) . Fructose 1-phosphate formed from the enzymatic reaction exhibited the same retention time and MS/MS spectra as the commercial standard (fructose 1-phosphate). Sedoheptulose 1-phosphate synthesized using the two different methods also exhibited the same retention times and MS/MS spectra as reported previously (29) . Fructose 1-phosphate formed from the enzymatic reaction exhibited the same retention time and MS/MS spectra as the commercial standard (fructose 1-phosphate). Sedoheptulose 1-phosphate synthesized using the two different methods also exhibited the same retention times and MS/MS spectra as reported previously (29) . The commercial standard of fructose 1-phosphate was used for quantification of the endogenous metabolic intermediates. The concentrations of synthetic sedoheptulose 1-phosphate standard after enzymatic reaction were calculated using sedoheptulose 7-phosphate due to structural similarity. The synthetic sedoheptulose 1-phosphate standards made from 40 mM dihydroxyacetone phosphate (DHAP) and 250 mM erythrose were used to quantify the endogenous metabolite levels.
Statistical Analysis-Data analysis was performed using MultiQuant version 2.1 (AB Sciex). Calibration curves were calculated by least-squares linear regression with 1/x weighting. The metabolites were quantified using the analyte peak area from the standard curves. Comparisons between groups were made with one-way analysis of variance, followed by Dunnett's t test using JMP version 9.0 software. p Ͻ 0.05 was considered as the significant level of difference.
Results

NAMPT Inhibition Led to Accumulation of Fructose 1-Phosphate and Sedoheptulose 1-Phosphate as Well as Fructose 1,6-Bisphosphate and Dihydroxyacetone Phosphate-We have
shown previously that NAMPT inhibition results in the blockade of glyceraldehyde 3-phosphate dehydrogenase, a key enzyme in glycolysis dependent on NAD ϩ for activity (1) . As a result, this leads to an accumulation in glycolytic intermediates before and at the glyceraldehyde 3-phosphate dehydrogenase step and a decrease in intermediates after the step (1). Using the methodology developed at the time, we were unable to resolve isomers or their geometrical isomers, such as glucose 6-phosphate/fructose 6-phosphate, dihydroxyacetone phosphate/glyceraldehyde 3-phosphate, and sedoheptulose 7-phosphate/sedoheptulose 1-phosphate. To further confirm this hypothesis, we developed an LC-MS methodology (see "Experimental Procedures") enabling us to separate and detect these isomers. Further, this new method also allowed us to separate the two geometrical isomers (1versus -6) for each sugar phosphate. Using this methodology, we were able to detect and quantify fructose 6-phosphate, fructose 1-phosphate, glucose 6-phosphate, glucose 1-phosphate, dihydroxyacetone phosphate, glyceraldehyde 3-phosphate (data not shown), sedoheptulose 7-phosphate, and sedoheptulose 1-phosphate synthesized biochemically or produced in cells and tumor xenografts treated with FK866, a specific NAMPT inhibitor (data not shown). To further validate this methodology, we treated HCT-116 cells with FK866 as described (see "Experimental Procedures") and analyzed the glycolytic and pentose phosphate pathway intermediates in the cell. We observed a significant increase in fructose 1,6-bisphosphate and dihydroxyacetone phosphate levels and a decrease in 1,3-bisphosphoglycerate, 2-and 3-phosphoglycerate, and phosphoenolpyruvate levels (data not shown) as reported before (1) . To our surprise, we also observed a significant increase in fructose 1-phosphate and sedoheptulose 1-phosphate but not glyceraldehyde 3-phosphate, fructose 6-phosphate, glucose 6-phosphate, and sedoheptulose 7-phosphate (data not shown) as previously thought (1).
To confirm that these observed metabolic changes were indeed due to NAMPT inhibition, we treated NCI-H1155, a NAPRT-negative cell line, and HCT-116, a NAPRT-positive cell line (1), with different concentrations of FK866 for 24 h in the presence or absence of nicotinic acid and analyzed the metabolite levels as described above. We showed that FK866 alone caused a dose-dependent increase in fructose 1,6-bisphosphate, dihydroxyacetone phosphate, fructose 1-phosphate, and sedoheptulose 1-phosphate levels (Fig. 1, A and B) , and a decrease in phosphoglycerate, phosphoenolpyruvate, NAD ϩ , and NADH levels in both cell lines ( Fig. 1, C and D) . The addition of nicotinic acid completely abolished these effects observed in HCT-116 ( Fig. 1, B and D) but not in NCI-H1155 ( Fig. 1, A and C) . This is expected because HCT-116, but not NCI-H1155, can use nicotinic acid to produce NAD ϩ (6, 7), thereby bypassing the NAMPT-mediated pathway. Together, these studies have confirmed the previous finding that NAMPT inhibition attenuates glycolysis at the glyceraldehyde 3-phosphate dehydrogenase step and have also shown that NAMPT inhibition leads to increased fructose 1-phosphate and sedoheptulose 1-phosphate levels in cancer cells.
Elevated Levels of Fructose 1-Phosphate and Sedoheptulose 1-Phosphate in Cancer Cells in Response to NAMPT Inhibition Are Derived from Dihydroxyacetone Phosphate and Glyceraldehyde and from Erythrose, Respectively, via an Aldolase Condensation Reaction; Evidence from the Glucose-labeling Study-
To investigate how NAMPT inhibition leads to increased fructose 1-phosphate and sedoheptulose 1-phosphate levels in the cell, we carried out a glucose-labeling study. In this study, we treated HCT-116 cells with FK866 for 24 h and then incubated the cells in the presence of U-13 C 6 -labeled and unlabeled glucose (1:1). By doing so, we were able to discern the metabolic fates of trioses produced from fructose 1,6-bisphosphate via aldolase by taking advantage of their facile interconversion through the analysis of metabolite isotope labeling patterns. As shown in Fig. 2A , isotopomers of fructose 1-phosphate were mainly present as a mixture of M0 (0 carbon labeled), M3 (3 carbons labeled), and M6 (6 carbons labeled) in the FK866treated cells. Significantly, the three isotopomers were distributed roughly at a ratio of 1:2:1 (M0/M3/M6), indicating that fructose 1-phosphate was synthesized from two trioses (1:1 for M0 and M3), such as dihydroxyacetone phosphate and glyceraldehyde. The treatment with FK866 led to a dose-dependent increase in M0, M3, and M6 of fructose 1-phosphate ( Fig. 2B) . Similarly, sedoheptulose 1-phosphate was mainly present as M0, M3, M4, and M7 ( Fig. 2A) . Interestingly, and also more revealingly, the isotopomers are roughly distributed at a ratio of 2:1:2:2:1:2 for M0, M1, M3, M4, M6, and M7. No M2 or M5 was detected (data not shown). The M0, M3, M4, and M7 pattern is consistent with sedoheptulose 1-phosphate being synthesized from two precursors, one being a triose (1:1 for M0 and M3), such as dihydroxyacetone phosphate, and another being a tetraose (1:1 for M0 and M4), such as erythrose. Furthermore, the data also revealed that there was a minor pool of M1 and M6 isotopomers for sedoheptulose 1-phosphate. The ratio between the major (M0 and M7) and the minor forms (M1 and M6) of sedoheptulose 1-phosphate is ϳ2:1. The interpretation of the isotopomer distribution of the sedoheptulose 1-phosphate will be addressed in detail under "Discussion." The treatment with FK866 also led to a dose-dependent increase in M0, M3, M4, and M7 (Fig. 2B) . Interestingly, fructose 1,6-bisphosphate was found to exhibit exactly the same pattern as fructose 1-phosphate (i.e. M0, M3, and M6 present at a ratio of ϳ1:2:1) ( Fig.  2A) , again indicating that the majority of fructose 1,6-bisphos-phate was originated from two trioses: dihydroxyacetone phosphate and glyceraldehyde 3-phosphate in the treated cells. The treatment with FK866 led to a dose-dependent increase in M0, M3, and M6 (Fig. 2B ). As expected, dihydroxyacetone phosphate was solely present as M0 and M3 (1:1) ( Fig. 2A) , and the treatment with FK866 led to a dose-dependent increase in M0 and M3 (Fig. 2B) .
To further investigate the kinetics of the isotopomer formation, we carried out a time course study. In this study, we first treated HCT-116 cells with FK866 for 24 h and then U-13 C 6labeled glucose and unlabeled glucose (1:1) for a different period of time. For fructose 1-phosphate, the addition of labeled glucose caused a rapid decrease in M0 (from ϳ45 to ϳ5 nmol/mg protein) in the first 2 h followed by a rebound (Fig.  2C) . At 6 h, fructose 1-phosphate was mainly present as M0, M3, and M6 (ϳ1:2:1) (Fig. 2C) . These results indicated that the formation of fructose 1-phosphate from two trioses was very rapid and reversible. After the first 2 h, the metabolite pools of M0 and M6 reached to the equilibrium (Fig. 2C) . Similarly for sedoheptulose 1-phosphate, the addition of labeled glucose caused a time-dependent decrease in M0 (from ϳ16 to ϳ1 nmol/mg protein) but a slow increase in M3, M4, and M7. At 6 h, M0, M3, M4, and M7 were the most abundant isomers present at similar levels (Fig. 2C) . These results indicated that the formation of sedoheptulose 1-phosphate was much slower than that of fructose 1-phosphate. Consistent with this, the metabolite pools of M0, M3, M4, and M7 reached equilibrium after 6 h (Fig. 2C ). For fructose 1,6-bisphosphate, the addition of labeled glucose caused a very rapid decrease in M0 in the first 15 min (from ϳ170 to ϳ10 nmol/mg protein) followed with a slow rebound (Fig. 2C) . At 6 h, M3 was about twice amount of M0 and M6 (Fig. 2C) , indicating that the majority of fructose 1,6-bisphosphate was derived from glyceraldehyde 3-phosphate and dihydroxyacetone phosphate. Consistent with this, the rate of M3 increase was higher than those of M0 and M6 (Fig. 2C ). Finally, for dihydroxyacetone phosphate, the addition of labeled glucose caused a very rapid decrease in M0 (from ϳ110 to ϳ40 nmol/mg protein) in the first 15 min accompanied with an increase in M3 (Fig. 2C) . On the basis of these results and the fact that dihydroxyacetone phosphate is also were grown and treated with FK866 (0 -100 nM) and with or without nicotinic acid (NA) (10 M) in duplicates as described (see "Experimental Procedures"). After the treatment, cells were processed for the analysis of metabolites by LC-MS as described (see "Experimental Procedures"). The metabolites measured were expressed as nmol/mg total cellular protein. Error bars, S.D.
accumulated, we hypothesized that fructose 1-phosphate is derived from the elevated levels of dihydroxyacetone phosphate and glyceraldehyde and that sedoheptulose 1-phosphate is derived from the elevated levels of dihydroxyacetone phosphate and erythrose via an aldolase condensation reaction.
Increased Levels of Fructose 1-Phosphate and Sedoheptulose 1-Phosphate in Cancer Cells in Response to NAMPT Inhibition
Are Derived from Elevated Levels of Dihydroxyacetone Phosphate and Glyceraldehyde and of Erythrose, Respectively, via an Aldolase Condensation Reaction; Evidence from the Biochemical Studies-To test this hypothesis, we carried out biochemical studies using an aldolase (see "Experimental Procedures"). As shown in Fig. 3A , when the enzymatic reactions were carried out in the presence of glyceraldehyde and dihydroxyacetone phosphate, the formation of fructose 1-phosphate, but not sedoheptulose 1-phosphate, was observed and increased with dihydroxyacetone phosphate concentrations to about 9.0 mM and then plateaued. Similar results were obtained when reactions were carried out at a fixed concentration of dihydroxyac-etone phosphate and various concentrations of glyceraldehyde (Fig. 3A) . When the enzymatic reactions were carried out in the presence of erythrose and dihydroxyacetone phosphate, the formation of sedoheptulose 1-phosphate, but not fructose 1-phosphate, was observed and increased with dihydroxyacetone phosphate concentrations to about 10.0 mM and then plateaued (Fig. 3B ). Similar results were obtained when reactions were carried out at a fixed concentration of dihydroxyacetone phosphate and various concentrations of erythrose (Fig.  3B ). On the basis of these kinetic results, the rate of formation for fructose 1-phosphate is much higher (7-20-fold) than that for sedoheptulose 1-phosphate. To confirm the identity of these enzymatic products, we showed that the fructose 1-phosphate formed exhibited a retention time and MS/MS spectra identical to those of the standard of fructose 1-phosphate. Similarly, the sedoheptulose 1-phosphate synthesized was also shown to exhibit a retention time and MS/MS spectra identical to those previously reported (29) . In addition, these products exhibited retention times and MS/MS spectra identical to those FIGURE 2. Glucose-labeling studies suggest that fructose 1-phosphate (F1P) and sedoheptulose 1-phosphate (S1P) are derived from DHAP and glyceraldehyde and from erythrose, respectively, via aldolase. A, HCT-116 cells were grown and treated with FK866 (100 nM) in triplicates for 24 h. After the treatment, the growth medium was removed and replaced with a freshly prepared medium containing FK866 (100 nM) and 13 C-labeled glucose and unlabeled glucose (1:1) as described (see "Experimental Procedures"). The cells were incubated for 6 h. After the treatment, cells were collected and processed for the analysis of fructose 1,6-bisphosphate (FBP), DHAP, F1P, and S1P levels by LC-MS (see "Experimental Procedures"). B, HCT-116 cells were grown in a medium containing 13 C-labeled glucose and unlabeled glucose (1:1), treated with FK866 (0.0 -100 nM) in triplicates for 24 h and processed for the analysis of metabolite as described above. C, HCT-116 cells were grown and treated with FK866 (100 nM) in triplicates for 24 h. After the treatment, the growth medium was removed and replaced with a freshly prepared medium containing FK866 (100 nM) and 13 C-labeled and unlabeled glucose (1:1) as described (see "Experimental Procedures"). The cells were incubated for a different period of time (0.25-6 h) and processed for the analysis of metabolites as described above. M0 -M7, metabolites with 0 -7 carbons labeled. The metabolites measured were expressed as nmol/mg total cellular protein. Error bars, S.D.
of fructose 1-phosphate and sedoheptulose 1-phosphate produced in the cancer cells and tumor xenografts treated with FK866 (data not shown). Taken together, these biochemical studies confirmed that mammalian aldolase can indeed catalyze the formation of fructose 1-phosphate and sedoheptulose 1-phosphate from dihydroxyacetone phosphate and glyceraldehyde and from dihydroxyacetone phosphate and erythrose, respectively. 13 C]glyceraldehyde or [U-13 C]erythrose for a different period of time and analyzed 13 C-labeled and unlabeled metabolites. The addition of labeled glyceraldehyde to growth media led to a significant increase in M3 of fructose 1-phosphate ( Fig. 4A ) but not M3 of sedoheptulose 1-phosphate and fructose 1,6-bisphosphate in the treated cells. Similarly, the addition of [U-13 C]erythrose led to a significant increase in M4 of sedoheptulose 1-phosphate ( Fig. 4A ) but not M4 of fructose 1-phosphate and fructose 1,6-bisphosphate in the FK866treated cells. These results indicated that fructose 1-phosphate was derived from dihydroxyacetone phosphate and glyceraldehyde and sedoheptulose 1-phosphate from dihydroxyacetone phosphate and erythrose. The rate of sedoheptulose 1-phosphate (M4) formation appears to be much slower than that of fructose 1-phosphate (Fig. 4A ). This finding is consistent with that of the biochemical study showing that the rate of sedohep-tulose 1-phosphate formation catalyzed by the aldolase is 7-20fold slower than that of fructose 1-phosphate ( Fig. 3) .
Increased Levels of Fructose 1-Phosphate and Sedoheptulose 1-Phosphate in Cancer Cells in Response to NAMPT Inhibition Are Derived from Elevated Levels of Dihydroxyacetone Phosphate and Glyceraldehyde and of Erythrose, Respectively, via an Aldolase Condensation Reaction; Evidence from Glyceraldehyde-and Erythrose-labeling Studies-To further test this hypothesis, we treated HCT-116 cells with FK866 in the presence of [U-
Next, we further investigated how the addition of glyceraldehyde affected the kinetics of the isotopomer formation. As shown in Fig. 4B , the addition of [U-13 C]glyceraldehyde rapidly reduced mainly M0 of dihydroxyacetone phosphate, fructose 1,6-bisphosphate, and fructose 1-phosphate and more slowly reduced M0 of sedoheptulose 1-phosphate. These results again indicated that fructose 1-phosphate was derived from dihydroxyacetone phosphate and glyceraldehyde via a rapid condensation reaction, resulting in the immediate depletion of dihydroxyacetone phosphate (M0). The depletion of dihydroxyacetone phosphate (M0) caused by the addition of glyceraldehyde is also correlated with the rapid formation of fructose 1-phosphate (M3) (Fig. 4A) . The rapid disappearance of fructose 1,6-bisphosphate (M0) caused by the addition of glyceraldehyde was due to the depletion of dihydroxyacetone phosphate (M0), again supporting the notion that fructose 1,6bisphosphate was mainly derived from dihydroxyacetone phosphate and glyceraldehyde 3-phosphate in the treated cells. The rapid disappearance of fructose 1-phosphate (M0) caused by the addition of glyceraldehyde suggests a rather rapid equilibrium between the forward and backward condensation reactions. Finally, the slow disappearance of sedoheptulose 1-phosphate (M0) (Fig. 4B ) was also consistent with its slow rate of formation ( Figs. 3 and 4A) .
Finally, due to the very slow rate of sedoheptulose 1-phosphate synthesis, the addition of [U-13 C]erythrose, unlike [U-13 C]glyceraldehyde, did not significantly alter levels of dihydroxyacetone phosphate (M0), fructose 1,6-bisphosphate (M0), fructose 1-phosphate (M0), and sedoheptulose 1-phosphate FIGURE 3 . Fructose 1-phosphate (F1P) and sedoheptulose 1-phosphate (S1P) are synthesized from DHAP and glyceraldehyde and from erythrose, respectively, via aldolase. The synthesis of F1P from DHAP and glyceraldehyde (A) was carried out in triplicates as described (see "Experimental Procedures"). Reaction mixtures containing aldolase (0.00082 mg), DHAP, and glyceraldehyde were incubated at room temperature for 30 min, and the product formed was analyzed by LC-MS as described (see "Experimental Procedures"). The synthesis of S1P from DHAP and erythrose (B) was carried out in triplicates as described (see "Experimental Procedures"). Reaction mixtures containing aldolase (0.01 mg), DHAP, and erythrose were incubated at room temperature for 60 min, and the product formed was analyzed as described above. The products formed were expressed as nmol/min/mg aldolase. Error bars, S.D.
(M0) (Fig. 4B ). Taken together, these results support the hypothesis that the increased formation of fructose 1-phosphate and sedoheptulose 1-phosphate in cancer cells in response to NAMPT inhibition is derived from elevated levels of dihydroxyacetone phosphate and glyceraldehyde and of erythrose, respectively.
On the basis of these results, we reasoned that NAMPT inhibition may also lead to increased formation of glyceraldehyde and erythrose in the cell, which also contributes to increased formation of fructose 1-phosphate and sedoheptulose 1-phosphate, respectively. To test this, we treated HCT-116 cells with FK866 in the presence or absence of NA (10 M) and analyzed glyceraldehyde and erythrose levels. As shown in Fig. 5 , the treatment with FK866 alone indeed led to a dosedependent increase in glyceraldehyde and erythrose levels, whereas the addition of NA abolished the effects, showing that the increased glyceraldehyde and erythrose were due to NAMPT inhibition. The level of glyceraldehyde was ϳ4-fold higher than that of erythrose, consistent with a lower level of sedoheptulose 1-phosphate detected in the cell. Together, these results further support the hypothesis that the increased formation of fructose 1-phosphate and sedoheptulose 1-phosphate that is derived from the elevated levels of dihydroxyacetone phosphate and glyceraldehyde and of erythrose, respectively.
Inhibition of NAMPT Led to Increased Formation of Fructose 1-Phosphate and Sedoheptulose 1-Phosphate in Other Types of
Cancer Cell Lines-We have assessed the metabolic consequences of NAMPT inhibition in HCT-116 and NCI-H1155 cells. To further investigate whether NAMPT inhibition leads to similar metabolic changes in other types of cancer cells, we treated the following cancer cell lines with FK866 (0 -100 nM) for 24 h and analyzed fructose 1-phosphate, sedoheptulose 1-phosphate, and other glycolytic intermediate levels as described above: A2780 (ovarian cancer), KM-12 (colon cancer), HGC27 and SNU 484 (stomach cancer); PC-3 (prostate cancer); and SK-N-SH (neuroblastoma). NAMPT inhibition also led to accumulation of fructose 1-phosphate, sedoheptulose 1-phosphate, and other glycolytic intermediates in these cells (data not shown). These results indicate that the physiological function of NAMPT is conserved in different types of cancer cells. 
Inhibition of NAMPT Led to Accumulation of Fructose 1-Phosphate, Sedoheptulose 1-Phosphate, Glyceraldehyde, and
Erythrose in Tumor Xenografts-To confirm that the effects of NAMPT inhibition on cancer cell metabolism observed in vitro also occur in tumors in vivo, we analyzed FK866-treated tumor xenografts derived from NCI-H1155. The treatment of animals bearing tumors with FK866 at 5 and 10 mg/kg led to a dose-dependent increase in fructose 1-phosphate, sedoheptulose 1-phosphate, fructose 1,6-bisphosphate, dihydroxyacetone phosphate, glyceraldehyde, and erythrose ( Fig. 6 ) but not glyceraldehyde 3-phosphate, fructose 6-phosphate, glucose 6-phosphate, and sedoheptulose 7-phosphate (data not shown). When dosed at 5 and 10 mg/kg, FK866 concentrations in the mouse plasma were determined to be ϳ39 and 114 nM, respectively. These results showed that the in vivo concentrations of FK866 used were very similar to those of in vitro concentrations (0 -100 nM) in these studies. As a result, both studies yielded similar results ( Figs. 1 and   6 ). Furthermore, there was no obvious toxicity observed after 5 days of dosing. This is consistent with the observations that NAD ϩ turns over a lot faster in cancer cells than normal cells, NAMPT is a rate-limiting enzyme, and cancer cells are highly dependent on NAD ϩ for their rapid growth (6 -9, 11-12) . Taken together, these in vivo and in vitro studies have confirmed the previous findings and have also shown that NAMPT inhibition leads to elevated levels of fructose 1-phosphate and sedoheptulose 1-phosphate in cancer cells.
Discussion
In this study, we have further investigated the metabolic basis of NAMPT inhibition. We have confirmed the blockade of glycolysis at the glyceraldehyde 3-phosphate dehydrogenase step as the central metabolic basis of NAMPT inhibition (1) . We also show that NAMPT inhibition leads to the accumulation of fructose 1-phosphate, sedoheptulose 1-phosphate, glyceraldehyde, . NAMPT inhibition results in accumulation of fructose 1-phosphate (F1P), sedoheptulose 1-phosphate (S1P), fructose 1,6-bisphosphate (FBP), DHAP, glyceraldehyde, and erythrose in tumor xenografts. NCI-H1155 cells were grown and implanted as described (see "Experimental Procedures"). Animals bearing the established tumor xenografts were then treated with FK866 (0.0, 5.0, and 10 mg/kg) twice daily for 6 days as described (see "Experimental Procedures"). After the treatment, tumors were collected and processed for the analysis of fructose 1,6-bisphosphate, DHAP, fructose 1-phosphate, sedoheptulose 1-phosphate, glyceraldehyde, and erythrose by LC-MS (see "Experimental Procedures"). The metabolites measured were expressed as nmol/mg tumor tissue. Error bars, S.D. and erythrose but not glucose 6-phosphate, fructose 6-phosphate, and sedoheptulose 1-phosphate as previously thought (1) . Furthermore, our combined biochemical and cellular studies indicate that the increased formation of fructose 1-phosphate and sedoheptulose 1-phosphate is derived from elevated levels of dihydroxyacetone phosphate and glyceraldehyde and of erythrose, respectively, via an aldolase activity. Together, this study shows that inhibition of NAMPT leads to significant changes in carbohydrate metabolism, and these metabolic changes, such as elevated levels of fructose 1-phosphate and sedoheptulose 1-phosphate, may be used as unique pharmacodynamics markers for evaluating on-target effects of NAMPT inhibitors in tumors in the clinic.
There are several lines of evidence that the increased formation of fructose 1-phosphate and sedoheptulose 1-phosphate is derived from elevated levels of dihydroxyacetone phosphate and glyceraldehyde and of erythrose, respectively, via an aldolase activity. First, the glucose-labeling study showed that fructose 1-phosphate mainly existed as M0, M3, and M6 isomers (1:2:1) at 6 h, which were derived from M0 and M3 of dihydroxyacetone phosphate and glyceraldehyde (Fig. 7) . The labeling pattern of sedoheptulose 1-phosphate is such that M0, M3, M4, and M7 are the major and M1 and M6 are the minor isotopomers ( Fig. 2A) . The absence of M2 and M5 isotopomers strongly supports the notion that sedoheptulose 1-phosphate is not derived from sedoheptulose 7-phosphate, which would predict the presence of M2 and M5. A rationalization of the biogenesis and incorporation of labeled species into various isomers of sugar phosphates is depicted in Fig. 7 . NAMPT inhibition is known to cause depletion of NADP ϩ (1), thereby limiting the carbon flow into the oxidative branch of the pentose phosphate pathway. At the same time, the accumulation of fructose 1-phosphate and possibly glyceraldehyde 3-phosphate could generate xylulose 5-phosphate and erythrose 4-phosphate via transketolase. Subsequently, dephosphorylation of erythrose 4-phosphate leads to erythrose formation. The erythrose generated is expected to have an isotopomer distribution pattern of M0, M1, M3, and M4 (M1 and M3 derived from M3 of fructose 6-phosphate and M0 and M4 derived from M6 of fructose 6-phosphate) and then coupled with DHAP (M0 and M3) by the action of transaldolase to form sedoheptulose 1-phosphate with isotopomers of M0, M1, M3 M4, M6, and M7 ( Fig. 7) . As is the case for the origin of erythrose labeling, M0, M3, M4, and M7 are derived from M0 and M6 of fructose 6-phosphate, whereas M1 and M6 are derived from M3 of fructose 6-phosphate. Of interest, the observation that the amounts of M1 and M6 are about half of those of M0 and M7 suggests that M0 and M6 of fructose 6-phosphate are present at about twice the amount of M3. Second, the addition of labeled glyceraldehyde, but not erythrose, led to increased fructose 1-phosphate with a corresponding decrease in dihydroxyacetone phosphate levels because the rate of sedoheptulose 1-phosphate synthesis is much slower than that of fructose 1-phosphate. Third, all three human aldolase isozymes are known to convert dihydroxyacetone phosphate and glyceraldehyde to fructose 1-phosphate (30 -32) . In addition, a rabbit aldolase was shown to convert dihydroxyacetone phosphate and erythrose to sedoheptulose 1-phosphate (30) , and this finding has been confirmed in this study. Furthermore, the labeling and biochemical studies showed that the rate of sedoheptulose 1-phosphate synthesis was much slower than that of fructose 1-phosphate, consistent with their cellular levels (Figs.  3, 4A, and 5) . Fourth, the absence of detectable levels of fructose and sedoheptulose in the FK866-treated cells (data not shown) ruled out a direct phosphorylation event involving enzymes like ketohexokinase and sedoheptulokinase (33, 34) . In addition, the expression of ketohexokinase is diminished in the human clear cell type of renal cell carcinoma (35) . Taken together, these results indicate that NAMPT inhibition leads to accumulation of fructose 1-phosphate and sedoheptulose 1-phosphate synthesized via an aldolase condensation reaction (Fig. 7) .
The increased glyceraldehyde and erythrose levels in cancer cells have been reported and are metabolically intriguing. The interconversion of dihydroxyacetone phosphate and glyceraldehyde 3-phosphate is catalyzed by triose-phosphate isomerase, one of the most efficient enzymes (36, 37) . In the forward direction, the k cat for the enzyme is near 500 s Ϫ1 , and in the reverse direction, it is about 5,000 s Ϫ1 (37). Based on this, the overall equilibrium constant calculated from the total dihydroxyacetone phosphate/glyceraldehyde 3-phosphate ratio is 22 (37) . Thus, the physiological concentration of glyceraldehyde 3-phosphate is only a fraction of dihydroxyacetone phosphate. This might have explained why glyceraldehyde 3-phosphate is barely detectable in either FK866-treated or untreated cells. However, due to the significant accumulation of dihydroxyacetone phosphate in the treated cells, this may push the equilibrium toward glyceraldehyde 3-phosphate formation, resulting in dephosphorylation to glyceraldehyde. Similarly, the accumulation of erythrose 4-phosphate (1) may also lead to its dephosphorylation to erythrose because erythrose 4-phosphate is an intermediate of the pentose phosphate pathway and has no other metabolic function. Finally, the significant absence of M1, M2, M4, and M5 of fructose 1,6-bisphosphate (data not shown) indicates that the contribution from the oxidative branch of the pentose phosphate pathway to the formation of fructose 1,6bisphosphate is very limited. This also indicates that the contribution from the non-oxidative branch of the pathway is the main source of the formation of fructose 1,6-bisphosphate, especially M3. Therefore, the significant conversion of fructose 6-phosphate to glyceraldehyde 3-phosphate and erythrose 4-phosphate ( Fig. 7 ) may have explained why fructose 1,6-bisphosphate was accumulated but fructose 6-phosphate was not.
Fructose 1-phosphate has been reported in renal cell carcinoma (38) , but sedoheptulose 1-phosphate, to our knowledge, has not been reported in any cancer cells. The physiological relevance of these metabolites to cancer cells is therefore not clear. Fructose 1-phosphate is well known for its important role in regulating glucokinase activity in the liver by binding to the regulatory protein of glucokinase (39) . The binding of fructose 1-phosphate to the regulatory protein prevents the regulatory protein from inhibiting glucokinase activity, thereby promoting glucose phosphorylation (39) . It is possible that fructose 1-phosphate may play a similar role in cancer cells to increase glucose phosphorylation in order to compensate for the reduced glycolytic activity as the blockade at the glyceraldehyde 3-phosphate dehydrogenase step imposed by NAMPT inhibition significantly reduces glycolysis.
The findings from this study may have significant clinical implications. To effectively assess a molecule in the clinic, it is essential to have a robust clinical diagnostic assay for identifying appropriate patient populations and also a reliable pharmacodynamics biomarker assay for evaluating effects of the molecule on its intended target in tumors. As proposed previously (1), the altered metabolite levels, such as increased fructose 1,6-bisphosphate and dihydroxyacetone phosphate levels, and decreased 2(3)-phosphoglycerate and pyruvate level in tumors can be used to assess on-target effects of NAMPT inhibitors in the clinic. This study suggests that the altered metabolite levels, especially those of fructose 1-phosphate and sedoheptulose 1-phosphate, can be used as ideal pharmacodynamics biomarkers as compared with other altered metabolites because these metabolites are highly elevated upon treatment and yet almost absent in untreated cells. Thus, implementing the LC-MS methodology for detecting and quantifying these metabolites in the clinic may enhance our understanding of the mechanism of action of NAMPT inhibitors in the clinic and subsequently accelerate their clinical development.
In summary (see Fig. 8 ), the previous study (1) shows that NAMPT inhibition leads to attenuation of glycolysis at the glyceraldehyde 3-phosphate dehydrogenase step due to the reduced availability of NAD ϩ for the enzyme. The attenuation of glycolysis results in the accumulation of glycolytic intermediates before and at the glyceraldehyde 3-phosphate dehydrogenase step, as evidenced by the increased levels of intermediates, such as fructose 1,6-bisphosphate and dihydroxyacetone phosphate. The attenuation of glycolysis also causes decreased glycolytic intermediates, such as 2(3)-phosphoglycerate and pyruvate, after the glyceraldehyde 3-phosphate dehydrogenase step, thereby reducing carbon flow into serine biosynthesis and the TCA cycle. This study shows that inhibition of NAMPT also leads to the accumulation of fructose 1-phosphate, sedoheptu-lose 1-phosphate, glyceraldehyde, and erythrose in multiple cancer cell lines and tumor xenografts but not glucose 6-phosphate, fructose 6-phosphate, and glyceraldehyde 3-phosphate as previously thought (1) . The increased levels of fructose 1-phosphate and sedoheptulose 1-phosphate are probably derived from elevated levels of dihydroxyacetone phosphate and glyceraldehyde and of erythrose, respectively, via an aldolase reaction.
